The aim of this study was to elucidate the mechanism of membrane insertion and the structural organization of pores formed by Bacillus thuringiensis ␦-endotoxin. We determined the relative affinities for membranes of peptides corresponding to the seven helices that compose the toxin pore-forming domain, their modes of membrane interaction, their structures within membranes, and their orientations relative to the membrane normal. In addition, we used resonance energy transfer measurements of all possible combinatorial pairs of membrane-bound helices to map the network of interactions between helices in their membrane-bound state. The interaction of the helices with the bilayer membrane was also probed by a Monte Carlo simulation protocol to determine lowest-energy orientations. Our results are consistent with a situation in which helices ␣4 and ␣5 insert into the membrane as a helical hairpin in an antiparallel manner, while the other helices lie on the membrane surface like the ribs of an umbrella (the ''umbrella model''). Our results also support the suggestion that ␣7 may serve as a binding sensor to initiate the structural rearrangement of the pore-forming domain.
Growing public concern regarding the use of chemical insecticides has led to the extensive use of environment-friendly alternatives, of which the ␦-endotoxins are the preferred choice of the insect biocontrol market (1) . The ␦-endotoxins are highly potent insecticidal toxins produced by Bacillus thuringiensis bacteria. The use of ␦-endotoxins rather than conventional chemical pesticides is preferable, both because of their high specificity and efficiency and because of their environmental safety and lack of harmful side effects. Research over the past three decades has attempted to elucidate the structure and activity of ␦-endotoxins. Although the crystal structure of one of the ␦-endotoxins was determined more than 6 years ago (2) , the conformation of the pores formed by the toxin and the molecular mechanism of toxin interaction with and insertion into membranes are still not clear. Insights regarding the structure of the pore-forming domain within the membrane could significantly advance understanding of the mode of action of these toxins and advance the design of more potent toxins. In addition, structural studies of ␦-endotoxins within a membrane environment are highly important as a paradigm for the mechanism of insertion and organization and specific interactions within membranes of other membranepermeating toxins and integral membrane proteins. To date, elucidation of the function of membrane proteins has been very limited because of the difficulty in obtaining structural information within a membrane environment by crystallography or NMR spectroscopy (3) .
The toxins are released as protoxins, which are solubilized in the midgut of insects and activated by gut proteases. It is assumed that the trigger for the insertion of the pore-forming domain of the toxins into the epithelial cell membrane is a conformational change in the toxin, which occurs when another domain of the toxin binds to a receptor present on brush-border membranes (4, 5) . The pore-forming properties of the toxins have been demonstrated by studies in which activated ␦-endotoxins form single ion channels in planar lipid bilayers and cultured insect cells (6, 7) . The crystal structures of two ␦-endotoxins have been determined (2, 8) . The toxins are composed of three distinct domains (Fig. 1 ). Domain I, the pore-forming domain, is composed of a bundle of six ␣-helices surrounding ␣5, the central helix. Domain II, the receptor-binding domain, is composed of three ␤-sheets with loops at the apex of the ␤-hairpin extensions, and domain III has a two antiparallel ␤-sheet sandwich structure. The toxins exhibit a remarkably high degree of similarity in their structures, particularly in the pore-forming domain. The structure of domain I of the toxin, the effect of site-directed mutagenesis in this domain on toxin activity, and studies with hybrid toxins (5, 9, 10) all suggest that domain I, or parts of it, inserts into the membrane and forms a pore. This idea is further supported by studies that show that truncated proteins corresponding to domain I of CryIA(c) (11) ␦-endotoxin form ion channels in model lipid membranes similar to those formed by the intact toxins. Extensive mutagenesis studies indicate that mutations in ␣5, but not ␣2 or ␣6, result in a substantial number of inactive or low-activity toxins (9, 12) . Studies with synthetic peptides corresponding to ␣5 and ␣7, the most conserved helices of the pore-forming domain, from CryIIIA (13) (14) (15) and ␣5 of CryIA(c) (16) suggest that ␣5, but not ␣7, aggregates within lipid membranes, permeates phospholipid vesicles, and forms ion channels within planar lipid bilayers. Similar to the results obtained with model membranes, it was found that ␣5 binds insect midgut membranes, is protected from enzymatic proteolysis upon binding, and is cytotoxic to Sf-9 insect cells (14) .
In this study we compare membrane interactions, the structure within membranes, the orientation relative to the membrane plane, and the structural organization in the membrane-bound state of the seven helices composing the pore-forming domain of the CryIIIA ␦-endotoxin. Taken together, our results are consistent with an ''umbrella'' model for the structure of the pores formed by the toxin. These results also further support our previous suggestions regarding the role of the ␣7 helix as the binding sensor of the pore-forming domain (15) . and were purified by RP-HPLC on C 4 or C 18 Vydac columns. The purified peptides were shown to be homogeneous by analytical HPLC. The peptides were subjected to amino acid analysis to confirm their composition. Labeling of the peptides' N-termini was achieved as described (18) . The labeling of ␣5 with NBD at the lysine -amine was as described (14, 15) .
Binding Experiments. Small unilamellar vesicles (SUVs) were prepared by sonication of phosphatidylcholine phospholipids as described (19) . The binding isotherms were analyzed as a partition equilibrium (20) (21) (22) (23) as described in detail in several other studies (18, 19, 24) .
Attenuated Total Reflectance (ATR) Fourier-Transform Infrared Spectroscopy. Spectra were obtained with a Perkin-Elmer 1600 spectrometer coupled with an ATR device as described (25) . Samples were prepared as follows: A mixture of phospholipid (1 mg) alone or with peptide (0.1 mg) was deposited on a germanium prism (52 ϫ 20 ϫ 2 mm) at aperture angle of 45°. Lipid͞peptide mixtures were prepared by dissolving them together in a 1:4 (vol͞vol) MeOH͞CH 2 Cl 2 mixture and dried under a stream of nitrogen. Polarized spectra were recorded and the respective pure phospholipid in each polarization was subtracted to yield difference spectra to determine the amide I and II absorption peaks of the peptide. The ATR electric fields of incident light (E x , E y , and E z ) were calculated as was previously described (25) (26) (27) . The electric field components together with the dichroic ratio (defined as the ratio between absorption of parallel (A ʈ ) and perpendicular (A Ќ ) polarized light, R ATR ϭ A ʈ ͞A Ќ ) are used to calculate the orientation order parameter, f, by the following formula:
where ␣ is the angle between the transition moment of the amide I vibration of the ␣-helix and the helix axis. We used the value of 27°for ␣ as suggested (27, 28) . Resonance Energy Transfer Measurements. The desired amount of a donor peptide was added to a dispersion of SUVs, followed by the addition of an acceptor peptide, as has been described previously (19) . Fluorescence spectra were obtained before and after the addition of the acceptor. The efficiency of energy transfer (E) was determined by measuring the decrease in the quantum yield of the donor as a result of the addition of acceptor. E was determined experimentally from the ratio of the fluorescence intensities of the donor in the presence and in the absence of the acceptor, after correcting for membrane light scattering and the contribution of acceptor emission as has been described elsewhere (19) . The statistical significance (P values) of the experimental energy transfer values relative to the theoretically calculated values for random distribution of monomers (29) assuming R 0 ϭ 51.1 Å (19), were determined by using a one-sided test for independent samples, n ϭ 4 for each experimental point, except for NBD-␣5 7 Rho-␣4 and NBD-C-␣5 7 Rho-␣4, for which n ϭ 7 for each experimental point.
Peptide Models and Peptide͞Bilayer Interactions. Peptides ␣2 to ␣7 from ␦-endotoxin were modeled as ␣-helices by using restrained molecular dynamics (SA͞MD) and X-PLOR version 3.1, as described previously (30) (31) (32) . Peptide͞bilayer interactions were probed by treating each peptide helix as a rigid body and using a Monte Carlo (MC) protocol to determine the lowest-energy orientation of the helix. The peptide͞bilayer interaction energy was given by:
where E CORE is the energy of interaction of the amino acid side chains with the hydrophobic core of the bilayer (as in ref. 33) , and where E HEADGROUP is the electrostatic interaction energy between charged atoms of the peptide and the average electrostatic potential along the bilayer normal [⌽(z)], which results from the disposition of the polar groups in the ''interfacial'' region of the bilayer (34) . As several of the peptides contain ionizable residues, which will protonate or deprotonate upon entry into the bilayer core to remain electrically neutral, charges on the atoms of the ionizable moieties were scaled down to zero as such a group entered the bilayer ''core.'' Each MC step consisted of a random choice of one of two possible steps: (i) a random translation along z (the bilayer normal) within the limits Ϯz MAX ; or (ii) three consecutive random rotations around each of the three Cartesian axes within limits Ϯ MAX . A peptide was initially positioned, e.g., in the center of the bilayer (z ϭ 0). The configuration resulting from an MC step was accepted or rejected according to the standard Metropolis criterion (35) . Each simulation consisted of 60 runs, each at a fixed temperature. Each run was at a temperature equal to 0.9ϫ that of the previous run. The length of a run was 500 steps for the first 25 runs and 1,000 steps for the subsequent 35 runs. The parameters defining the limits on the magnitude of each MC step were z MAX ϭ 5 Å and MAX ϭ 10°f or the first 15 runs and z MAX ϭ 2 Å and MAX ϭ 5°for the next 45 runs.
RESULTS

Interaction of the Peptides with Phospholipid Membranes.
Titration of the NBD-labeled peptides with increasing amounts of phosphatidylcholine SUVs resulted in an increase in the fluorescence emission intensities of six of the NBD-labeled peptides (Table 1) . NBD-␣1 was the only peptide that did not interact with the membranes even at high (4000:1) lipid-to-peptide molar ratios ( Table 1) .
The curves obtained when X* b (molar ratio of bound peptide to the total lipid on the outer monolayer) is plotted versus C f (the equilibrium concentration of the free peptide in the solution), are referred to as the binding isotherms. The binding isotherms of the six NBD-labeled peptides (NBD-␣2 to NBD-␣7) to phosphatidylcholine SUVs are presented in Fig. 2 . Their membrane partition coefficients (K* p ) were estimated by extrapolating the initial slopes of the curves to zero C f values (three experiments, Table 1 ). The data showed that except for NBD-␣3, which has a partition coefficient of the order of 10 3 M
Ϫ1
, all the other helices bind phospholipid vesicles with partition coefficients of the order of 10
, which is comparable to that of naturally occurring membrane-permeating and pore-forming peptides (13, 18, (20) (21) (22) . ␣5 was the only helix with a binding isotherm that exhibited upward curvature (Fig. 2) . This shape of a binding isotherm is characteristic of cooperative binding to the membrane to form large aggregates (13, 18, (20) (21) (22) . This observation is consistent with the ability of ␣5 to form high-conductance pores in planar lipid bilayers (14) .
Peptide Structure and Orientation Within Membranes. The frequencies of the amide I absorption peaks of the ␣2-␣7 peptides incorporated into lipid multibilayers indicated that all the peptides are predominantly ␣-helical in their membranebound state. Curve-fitting of the amide I band area of ␣2-␣7 peptides, using an iterative least-squares routine and assuming either Lorentzian or Voigt line-shapes for the IR peaks, was performed to determine the relative amounts of various secondary structure elements. Fig. 3 shows the curve-fitting of the amide I band of membrane-bound ␣2 as an example. The deconvolutions of the IR spectra (Table 2) show high (Ϸ60-80%) fractional helicities (the relative area of the amide I peak between 1640 and 1660 cm )] are relatively small. These data are consistent with the x-ray structure of the helices of the non-membrane-bound ␦-endotoxin and with the structure of ␣5 (19) and ␣7 (15) peptides in membrane-mimicking solvents.
The ATR dichroic ratio of polarized ATR Fouriertransform IR spectra of the amide I bands of a peptide incorporated into oriented phospholipid membranes indicates the orientation of the helix relative to the membrane surface (26, 36, 37 ). Our results demonstrate that only helices ␣4 and ␣5 had positive order parameters, indicating a preferential transmembrane orientation. The other membrane-bound helices, ␣2, ␣3, ␣6, and ␣7, had negative order parameters, indicating that these peptides are preferentially oriented nearly parallel to the surface of the lipid membranes. The order parameter of ␣7 was slightly higher (less negative) compared with helices ␣2, ␣3, and ␣6. This observation suggests that ␣7 is in an oblique orientation that can explain its ability to interact with the transmembrane helices ␣4 and ␣5. The order parameters for ␣4 and ␣5 are similar to the order parameter of the S3 transmembrane segment of the Shaker K ϩ channel (38) and are slightly lower than that of phospholamban transmembrane domain that is assumed to be perpendicular to the membrane surface (39) . This is consistent with the lower calculated energy of a bundle of ␣5 helices tilted at an 18°angle FIG. 3 . Spectral deconvolution of the amide I band of ␣2 peptide incorporated into phospholipid membranes. The component peaks are the result of curve-fitting using a Voigt line-shape. The amide I frequencies characteristic of the various secondary structure elements are from ref. 47 . The sum of the fitted components superimposes on the experimental amide I region spectrum. Filled squares, experimental Fourier-transform IR spectrum; dashed lines, the fitted components; solid line, the sum of the fitted components. rather than perpendicular to the membrane surface, as calculated by molecular modeling (14) .
Organization of the Peptides Within the Membranes.
It is believed that interactions between membrane-bound helices play a major role in the insertion of the pore-forming domain into the membrane and in the assembly of a transmembrane pore (3, 40) . The amphipathic ␣-helical structure of the peptides has been discussed previously (9, 12, 13, 15) . To determine which of the helices may have a role in these processes, the network of self-and co-assembly interactions between the different membrane-bound helices was mapped by resonance energy transfer (RET) measurements between all the possible combinatorial pairs of the membrane-bound helices. In these experiments, NBD-labeled peptides were used as energy donors and Rho-labeled peptides, as acceptors. Fig. 4 shows an example of the energy transfer between NBD-C-␣5 (labeled at lysine-17) as energy donor and all the possible Rho-labeled peptides as acceptors. Note that the energy transfer is significantly higher than that expected for a random distribution of fluorescent monomers only when Rho-␣4, Rho-␣5, or Rho-␣7 serves as an energy acceptor. The relatively low RET value of the NBD-C-␣5 7 Rho-␣5 pair is most likely due to the parallel organization of the ␣5 peptide bundle as previously described (15) . Fig. 5 is a pseudocolor map of the degree of energy transfer of the 42 curves obtained for all the donor-acceptor pairs at a bound-acceptor͞lipid ratio of 1:2000. The areas surrounded by thick lines in Fig. 5 represent energy transfers values significantly higher than those expected if there was a random distribution of peptide monomers with the membrane (all P values are lower than 0.01), which were obtained with the following six pairs: ␣5 7 ␣5, ␣5 7 ␣4, ␣5 7 ␣7, ␣4 7 ␣4, ␣4 7 ␣7, and ␣6 7 ␣7. It should be emphasized that similar energy transfer was obtained with all pairs, except for one, regardless of which members of the helical pairs served as donor or acceptor. The only exception was ␣4 7 ␣7 pair, for which the reason is not clear. However, the results may indicate that ␣7 can interact only with a pre-aggregated ␣4 bundle. In any case, the uncertainty regarding the precise nature of the interaction between ␣4 and ␣7 should not change our general conclusions on the role of ␣4 and ␣7 in the pore formation by the toxin (as will be discussed later).
The data showed that the degree of energy transfer between ␣4 and ␣5 was significantly higher when NBD-C-␣5 (labeled at lysine-17 located at the C-terminal side) rather than NBD-␣5, was used as a donor (P values for the three different [acceptor]͞[lipid] values ranged from 0.0013 to 0.0001 when a one-sided t test for independent samples was used, n ϭ 7 for each experimental point). These results clearly suggest an antiparallel assembly of ␣4 and ␣5 helices.
MC Simulations of Peptide͞Bilayer
Interactions. An example of a minimum energy configuration is shown for ␣6 (Fig.  6) . The ␣6 helix lies at the water͞bilayer interface with its hydrophilic side chains directed away from the hydrophobic core. This is a typical bilayer surface location for a highly amphipathic ␣-helix. From the electrostatic profile along the bilayer normal, ⌽(z), it can be seen that there is a region of negative potential in the interfacial region, corresponding to the phosphates of the lipid headgroup and then a region of positive potential in the center of the bilayer, corresponding in sign and magnitude to the membrane ''dipole'' potential.
In Table 3 the minimum energy orientations are summarized. Note that the MC simulations were on isolated helices and thus may be thought of as corresponding to a very low peptide-to-lipid ratio, as no account is taken of possible peptide-peptide interactions. It can be seen that in all except one (␣7) case the orientation angle is close to 90°-i.e., the helix orientation is nearly parallel to the bilayer surface. However, the deviations from an ideal surface location are all such that Ͻ 90°. This corresponds to the C terminus of each helix being somewhat closer to the bilayer core than the N terminus. This orientation may correspond to favorable interaction of the helix macrodipole with the ϩ100 mV potential in the bilayer core. With respect to rotation about the long axis of the helices, all except ␣2 and ␣7 were oriented such that their hydrophilic faces were directed away from the bilayer core. For ␣2 the situation is complicated by the presence of a proline midway along the helix and by a greater frequency of charged side chains in the C-terminal half of the helix.
As a test of the quality of the potential function used in the MC simulations, the minimum value of the interaction energy (E MIN ) was plotted against the experimentally determined free energy of peptide͞bilayer interaction (see above). The result- -peptides) , Cb, at various acceptor concentrations was calculated from the binding isotherms. F, NBD-C␣5͞Rho-␣7; ‚, NBD-C-␣5͞Rho-␣4; OE, NBD-␣5͞Rho-␣4; s, NBD-C␣5͞Rho-␣5; ᮀ, NBD-C-␣5͞Rho-␣6; E, NBD-C-␣5͞Rho-␣3; ƒ, NBD-C-␣5͞Rho-␣2; ---, energy transfer expected for random distribution of the monomers (29) , assuming R0 ϭ 51.1 Å as determined for membrane-bound NBD-Rho pair (13) . Results are shown as mean Ϯ SE, n ϭ 4, except for NBD-C-␣5 7 Rho-␣4 and NBD-␣5 7 Rho-␣4, in which n ϭ 7 for each experimental point. ant linear correlation is good (r ϭ 0.93; see Fig. 6C ). This finding supports the use of the simplified bilayer potential, rather than a full atomistic model of a lipid bilayer, in the simulations and lends confidence to the results. It is significant that in these simulations neither ␣4 nor ␣5 inserts into the bilayer, despite the experimental evidence in favor of such insertion. We interpret this as indicating that to insert these two helices must self-associate to some extent, thus burying their hydrophilic side chains from the core of the lipid bilayer. However, in the MC simulations helix ␣7 adopts a ''semiinserted'' orientation. This is consistent with the overall umbrella model of ␦-endotoxin insertion and suggests that ␣7 may adopt such an orientation independent of possible interactions with other helices.
DISCUSSION
Two alternative models have been proposed for the organization of the pore-forming domain of the B. thuringiensis ␦-endotoxin within the membrane, the ''penknife'' model and the ''umbrella'' model (1, 2, 15), both suggested previously for the colicin pore (41) . The penknife model suggests that two of the helices, joined on the side of the pore-forming domain far from the membrane, would flip out of domain I like a penknife opening, without significant rearrangement of the rest of domain I. The umbrella model suggests that a pair of helices, joined on the side of domain I closest to the membrane surface, would drop down into the membrane while the remaining helices will be rearranged to be open on the membrane surface like the ribs of an umbrella. To resolve which is the correct model and to determine which of the helices participate in membrane insertion, it is necessary to ascertain (i) which of the seven helices of the pore-forming domain have the affinity to bind membranes; (ii) which of the membrane-binding helices have the tendency to be transmembrane oriented, rather than on the surface of the membrane; and (iii) the ability of the various membrane-bound helices to form homo-or hetero-oligomeric structures. A combined approach utilizing synthetic peptide segments and fluorescence spectroscopy was successfully used in the past to address fundamental questions regarding membrane interactions and organization of integral membrane proteins (e.g., ion channels), pore-forming toxins, and membrane-permeating antibacterial peptides (for review see ref. 36) . As an example, the structure and the molecular recognition pattern of the transmembrane domains of the ROMK1 K ϩ channel investigated by the synthetic peptide approach (42) are in agreement with the x-ray structure of the homologous KcsA channel (43) .
Our results clearly demonstrated that the helices which compose the pore-forming domain, ␣2 to ␣7, have a high affinity toward the membrane (Table 1; Fig. 2 ). Those helices may have an important role in the initial interaction of the pore-forming domain with the membrane surface.
Evidence suggesting that ␣4 and ␣5 have a structural role in the lining of the ␦-endotoxins pores in an umbrella-like FIG. 7 . Schematic presentation of a proposed model for the interaction of ␦-endotoxin with phospholipid membranes. The helices are colored in a rainbow direction as in Fig. 1 . The loop connecting ␣4 and ␣5 may be either in an intracellular localization or may interact with the inner leaflet of the membrane because of its hydrophobicity. The orientation and energy of interaction with the bilayer of each helix in its minimum energy configuration are given. *The position, relative to the center of the bilayer (z ϭ 0), of the center of gravity of the peptide. † The angle between the bilayer normal and the long axis of the peptide. structure includes the following: (i) their ability to self-and co-assemble within phospholipid membranes (Figs. 4 and 5) ; (ii) their transmembrane orientation (Table 2) ; (iii) the membrane surface orientation of the rest of the membrane-bound helices (helices ␣2, ␣3, ␣6, and ␣7; Table 2 ); and (iv) the network of interactions between the membrane-bound helices (Figs. 4 and 5) . The data indicate that ␣4 and ␣5 insert into the membrane in an antiparallel manner as a helical hairpin, in agreement with the hydrophobic hairpin hypothesis (44) , suggested for the insertion of proteins into membranes. The other helices are spread on the surface of the membrane (Fig.  7) . The insertion the of the ␣4-␣5 hairpin into the membrane is also expected from theoretical considerations because (i) the C terminus of ␣4, the loop between ␣4 and ␣5, and the N terminus of ␣5 forms a hairpin that contains the least polar segment of domain I (8), and (ii) the helices are joined on the side of the pore-forming domain proximal to the membrane.
Our results supporting the umbrella model are consistent with (i) mutational analysis demonstrating that mutations in ␣5, but not in ␣2 or ␣6, affect the toxicity of the ␦-endotoxin (12); (ii) the observation that the introduction of a negative charge in the loop between ␣4 and ␣5, but not between ␣5 and ␣6 or ␣3 and ␣4, drastically reduced the toxicity of the toxin (45); and (iii) the introduction of a negative charge in the loop between ␣4 and ␣5 reduces irreversible binding, but not the K d , to brush border membrane vesicles (46) . After receptor binding, the network of contacts between ␣7, the helix in the interface between the pore-forming domain and the receptor-binding domain (see Fig.  1 ), and ␣5, ␣6, and presumably ␣4 helices may assist the insertion of the ␣4-␣5 hairpin into the membrane by the unpacking of the helical bundle that exists in the non-membrane-bound form of the toxin. This hypothesis could account for the observation that ␣7 mutants are susceptible to proteolysis by either trypsin or midgut juice (47) . Presumably the mutations abolish the pre-packing of the non-membrane-bound toxin.
From a biotechnological perspective, the study of ␦-endotoxins should lead to the design of improved and more potent ␦-endotoxins. It is clear from our study that the ␣4-␣5 hairpin is the major structural component in the lining of the pores formed by ␦-endotoxin. Therefore, one possible way to create toxin variants with better membrane permeability potential would be to stabilize the hairpin antiparallel structure by cross-linking between ␣4 and ␣5. Indeed, a mutation in ␣4, which presumably results in the formation of a salt bridge between ␣5 and ␣4, actually increases the toxic activity of ␦-endotoxin (Arthur Aronson, personal communication). This observation is important because mutations within transmembrane segments of proteins usually decrease or have no effect on the biological activities of these proteins. Thus, it conceivable that the introduction of several salt bridges or other bonds between ␣4-␣5 helices, or the stabilization of the ␣4-␣5 hairpin, by the creation of bridging interactions between the ␣3-␣4 and ␣5-␣6 loops, may result in a significantly enhanced toxic activity.
